• conventional flat-fan nozzles, air induction flat-fan nozzles with the air intake hole either opened or sealed, hollow-cone nozzles, turbo jet nozzles, and twin-jet fan pattern nozzles. Spray coverage (percent area of a WSP covered with spray depositions) increased as flow rate increased for all nozzles. The hollow-cone nozzles had the highest coverage at both target positions while air induction nozzles had the lowest coverage. With the same flow rate, the 80
• nozzles had higher spray coverage than 110
• nozzles. Nozzles producing coarse spray had the lower spray coverage than nozzles producing fine and medium sprays. The 80
• and 110
• flat-fan nozzles at lower-than-specified operating pressures produced spray as coarse as that from the air induction nozzles with similar coverage. There was no significant difference in spray coverage between the same air induction nozzles whether the two air intake holes were opened or sealed. Spray coverage on targets at the 0.50 m position was greater than that at the 0.70 m position. Therefore, careful selection of nozzles could provide comparable performance for economical and effective spray coverage with optimal flow rates and operating pressures.
INTRODUCTION
The use of properly selected nozzles has an influence on the outcomes of pesticides and affects the quantity and quality of their deposition on plants. The control of the effect of nozzles on droplet size, deposit density, and spray coverage is required to achieve effective weed control (Prasad and Cadogan, 1992; Ramsdale et al., 2003; Fietsam et al., 2004) . Accurately targeting pests with adequate coverage becomes even more important to achieve desired protection of crops against insects and diseases. For example, effective control of Asian Soybean Rust requires thorough coverage of the soybean canopy with an appropriate type of fungicide (Wolf et al., 2005; Ozkan et al., 2006) .
Hydraulic nozzles are typically used to deliver pesticides to target areas for control of insects, diseases, and weeds. Improper operation with these nozzles results in excessive application of pesticides and leads to greater cost, contamination of the environment, and damage of adjacent sensitive crops. Conversely, improper operation may not deliver sufficient amounts of pesticides to target areas. Few guidelines are available on selection of nozzles to provide adequate spray deposition and coverage (percent area of the target surface covered with spray depositions) for efficient control of pests.
There are many types of hydraulic nozzles commercially available in the market for ground sprayer applications. When new nozzles are introduced, field tests usually are conducted to evaluate their performance and spray characteristics. Spray deposition on different field crops under field conditions with different types of nozzles has been reported (Azimi et al., 1985; Smith et al., 2000; Womac et al., 2001; Zhu et al., 2002 Zhu et al., , 2004 Zhu et al., , and 2008 Wolf et al., 2005; Ozkan et al., 2006; Derksen et al., 2007) . The published data from these tests may help consumers select the nozzle for coverage quality to control pests, but it is difficult to make any comparisons of nozzle efficiency because the samples used in the field coverage tests were located within crop canopies that vary from location to location. Other uncontrollable variables such as wind speed and direction also influence the efficiency and effectiveness of sprayer performance to control pests. Spray deposition from different nozzles in field tests under uncontrolled growing conditions of different crop structures and uncontrollable weather conditions and boom suspensions could be inconsistent and thus incomparable (Bode, 1988; Smith et al., 2000) . In many cases, it is impossible to identify which variables actually cause the variations. Large variations in spray coverage among replicated field evaluations were noted for collectors stapled to the same leaf (Fox et al., 2003) .
Evaluation of nozzle performance under laboratory conditions would avoid many uncontrollable variables. Under laboratory controlled tests, Guler et al. (2007) demonstrated that spray characteristics of conventional nozzles with the same orifice sizes at a lower than the manufacturer's specified pressure were the similar to those from air induction nozzles. They also reported that air induction nozzles had at least twice the orifice area of conventional nozzles with the same nominal flow rate ortip catalog number. Nuyttens et al. (2009) reported that the droplet size spectra from hydraulic nozzles varied greatly with nozzle type and orifice size.
Water-sensitive papers (WSPs) are commonly used as collectors to measure the coverage obtained from spray applications. During the last decade imaging systems with high resolution have become more readily available, and provided fast and reliable evaluation of WSP samples (Fox et al., 2003) . In addition to percentage coverage, WSPs can be used to evaluate the quality of deposition in terms of number of droplets per unit area, as well as determining sizes of droplets (Panneton, 2002) . However, using WSPs to determine droplet size may not be as accurate as other techniques (e.g. laser diffraction, laser imaging, etc.) because larger droplets may have coalesced after they impact onto WSPs and small droplets may not be deposited or recorded on WSPs (Zhu et al., 2011) . Salyani and Fox (1999) concluded that the best use of WSPs is for the determination of spray coverage.
Hydraulic nozzles used to deliver pesticides to target areas carry a significant role in achieving the desired biological efficacy. Spray characteristics such as the droplet size, deposit density, and spray coverage significantly affect the performance of pesticides. These characteristics vary from nozzle to nozzle, even from the same nozzle operated under different spray pressures and discharge heights. Efficient and effective pest control is dependent on the best nozzle selection with the optimum operation settings.
The objective of this research was to evaluate characteristics of a group of popular spray nozzles (80 • and 110 • conventional flat-fan, air induction, turbo jet, twin-fan pattern, and hollow-cone nozzles) based on their spray coverage and deposit density on WSPs under controlled environmental conditions, in an effort to provide baseline data for ground sprayer applications to choose nozzles with desired coverage and deposit density for specific pest control applications.
MATERIALS AND METHODS

Nozzles Tested
There were seven different types of nozzles selected for the comparison test (Table 1) Tests were also conducted for the air induction nozzles with their two air intake holes sealed (AIS and AMS) to determine if air induction actually affected spray coverage. In addition, the conventional flat-fan nozzles at lower-than-specified pressure to produce the flow rates specified for air induction nozzles were tested to provide spray coverage information for applicators who prefer to use conventional nozzles to achieve the desired spray coverage. Spraying Systems Co., Wheaton, IL, USA. c Conventional flat-fan nozzle operated at lower than the specified pressure to discharge the specified flow rate. Table 1 lists the type, model number, droplet size class, and operating conditions of each nozzle. Except for the AirMix R air induction nozzles manufactured by AGROTOP GMBH, Obertraubling, Germany, all other nozzles were supplied from Spraying Systems Co., Wheaton, Illinois, USA. The droplet size class for each nozzle was adapted from the nozzle manufacturer catalog based on definitions of the ANSI/ASABE Standard 572.1 (ASABE, 2009).
Tests were conducted with three flow rates (0.76, 1.14, and 2.27 L min −1 ) for each nozzle type as a baseline condition because these are the outputs at the nominal specified operating pressure of 276 kPa. Pressures for the other nozzles were adjusted to match these flow rates. Conventional flat-fan pattern nozzles (XR11003, XR11005, XR8003, XR8004, TP8003, and TP8004) were also tested at a lower-than-specified pressure to produce a flow rate equivalent to the flow rate specified for air induction nozzles AI110015 and AI11002. The specified pressure was the pressure recommended by the nozzle manufacturer to produce a desired flow rate and spray pattern. Exit orifice areas of the conventional nozzles with the lower pressure were similar to their corresponding air induction nozzles.
Test Setup
Spray coverage experiments were conducted in an environmentally controlled greenhouse at the Ohio Agricultural Research and Development Center (OARDC) on the campus of The Ohio State University in Wooster, Ohio. The environmentally controlled area was 5.6 m wide and 29.3 m long, and was equipped with an automatic boom track system for spray application. The environment inside the greenhouse was maintained at a temperature of 21 to 25 • C and relative humidity of 35 to 52%. Nozzle type and flow rate were the main variables in the evaluation of spray coverage, droplet size, and deposit density on WSPs.
The spray boom and sampling assemble schematic is presented in Fig. 1 . The nozzle travel speed was 6.4 km/h. The boom assembly consisted of a CO 2 tank to pressurize the nozzle, a valve to regulate the pressure on the water supply in a 2-L clear plastic bottle, and a solenoid valve to activate the spray nozzle. At the prescribed operating pressure, the spray application began 3 m before the test bench and stopped at 1 m past the test bench.
The test nozzle was centrally mounted on the spray boom track (Fig. 1 ). Only one nozzle at a time was used for each test. This configuration avoided spray interference from adjacent nozzles on targets and provided relative comparisons for different types of nozzles. WSPs (Syngenta Crop Protection AG, Basel, Switzerland) with 52 × 76 mm dimensions were used as sampling targets to collect spray deposits to determine spray coverage and deposit density. When droplets deposited onto WSPs, they created a blue stain. Three stands (1.10 m apart from each other) were used and each supported two horizontal bars to hold WSPs at two elevations (Fig. 1) . The two bars were parallel and were located at either 0.50 m (upper elevation) or 0.70 m (lower elevation) below the test nozzle. The lengths of the two bars at upper and lower elevations were 0.30 and 0.60 m, respectively, and they were positioned in line with the same direction of travel of the boom assembly. Two WSPs were attached to two ends of each bar, and a total of 12 WSPs were used for each test run. The spray coverage was measured by the calculation of percentage ratio of the area covered by spray deposits and the total area of a WSP. The number of droplets per cm 2 was reported as the deposit density on a WSP. The test for each nozzle was replicated for three times. 
Sample Analysis
Each WSP was scanned and digitized at 600 dpi resolution with an imaging system to determine the percent spray coverage and deposit density. The imaging system consisted of a desktop computer, a table photo scanner (Scanjet 5530, Hewlett-Packard Company, Palo Alto, CA, USA), and image analyzing software Image Tool 3.0 (The University of Texas Health Science Center, San Antonio, TX, USA). The image software could not accurately measure deposit density when the spray deposits covered over 30% area of a WSP. This was because water droplets from heavy spray deposits were not able to spread out evenly over WSPs, which distorted the spray coverage and then could affect the accuracy of the measurement. An one-way ANOVA of the spray coverage data of 18 samples (6 samples times three replications) for each treatment was performed and the significant differences among means were determined with Duncan's New Multiple-Range Test using ProStat version 3.8 (Poly Software International, Inc., Pearl River, NY, USA) at the 0.05 level of significance.
Droplet Size Measurement
The overlapping of droplet stains limited the use of WSPs for droplet size measurements. As a result, droplet size spectra were determined with a particle/droplet image analysis system (VisiSizer and PIV; Oxford Lasers Inc., Didcot, UK). Lens option 3 was selected at the magnification setting 2 for the test. At this setting, the system was able to measure droplets from 21 µm to 1732 µm diameter.
Droplet sizes were measured at 0.50 m below the nozzle across the entire long axis of the pattern. The pressure and flow rate tested for each nozzle are given in Table 1 
RESULTS AND DISCUSSION
Droplet Size Distribution
Droplet size distributions for all the nozzles measured with the Oxford Lasers particle/droplet image analysis system are reported in Tables 2-4. At the 0.76 L/min flow rate (Table 2) , the AI-110015 nozzle provided the largest D V 0.5 (371 µm), followed by the AIS-110015 (335 µm) and the TP-8003 (306 µm) at the lower pressure (159 kPa). XR11003  97  183  342  TJ11003  151  203  286  XR8003  108  218  410  TT11003  133  248  553  D5-DC25  186  249  379  TP8003  132  253  437  XR11005  140  279  510  AIS11002  131  292  631  AI11002  135  302  636  XR8004  150  308  533  TP8004  145  333  554  AMS11003  162  342  627  AM11003  160  354  682  TTD11002  231  363  648 On the other hand, the XR-11002 nozzle had the smallest D V 0.5 (175 µm), followed by the XR-8002 nozzle (197 µm) and the TJ-11002 nozzle (198 µm).
The size of droplets at D V 0.5 from all nozzles, except the AI nozzles, also increased as the flow rate increased from 0.76 to 2.27 L/min (Tables 2-4). At 1.14 L/min, the AM-11003 nozzle had the largest droplet size at D V 0.5 while the XR-11003 had the smallest droplet size at D V 0.5 (183 µm) (Table 3) . At 2.27 L/min flow rate, the TT-11005 had the largest droplet size at D V 0.5 (346 µm) followed by TTD-11003 (345 µm), while the XR-11006 and TJ-11006 nozzles had the smallest droplet size at D V 0.5 (227 and 233 µm, respectively) ( Table 4) .
Deposit Density on WSP
Deposit densities on WSP for the 0.76 and 1.14 L/min flow rates at the 0.50 and 0.70 m distances below the nozzle are shown in Table 5 . No data were reported for deposit densities on WSPs at the 2.27 L/min flow rate because the droplet stains overlapped extensively. With the same flow rate, nozzles that produced larger droplets had lower deposit density on the WSPs than nozzles which produced smaller droplets. For example, the D V 0.5 from D4-DC23 nozzle at 345 kPa was 205 µm and the deposit density was 143 spots/cm 2 while the D V 0.5 from TP8003 nozzle at 276 kPa was 306 µm and the deposit density was 81 spots/cm 2 . Nozzles that produced fine and very fine sprays at 0.76 L/min flow rate (e.g. XR11002 and TJ11002 had the highest deposit densities on WSPs at both elevations (Table 5 ). This was followed by medium droplet size nozzles (e.g. TT11002) and then the coarse droplet size nozzles (e.g. AI110015, AM11002 nozzles). This trend also was observed for the 1.14 L/min flow rate for all nozzle types.
Spray Coverage
Examples of spray deposits on WSPs from different nozzles are shown in Figs. 2 through 5. The percent spray coverage on WSPs from nozzles at 0.5 and 0.7 m heights and 0.76, 1.14, and 2.27 L/min flow rates are given in Tables 6-8, respectively. (Table 6 ), the mean percent spray coverage for all the nozzles ranged from 14.8 to 40.5. The hollow-cone nozzle (D4-DC23) and TP8003 flat-fan nozzle at lower pressure (159 kPa) had no significant difference in spray coverage (40.5% and 36.9%, respectively) but they had significantly higher coverage than all the other nozzles (p < 0.05). The AIS110015 nozzle provided the lowest spray coverage (14.8%), followed by nozzles TT11002 (15.9%), XR11003 (17.2%) at the lower pressure (121 kPa), AI110015 (17.3%), and TTD11001 (18.9%). The TP8003 nozzle at the lower pressure produced a coarser spray and had better coverage than the TP8002, XR8002, and XR11002 nozzles. All XR nozzles at the lower pressure except XR11003 had more coverage at the 0.50 m position than the AI nozzles. Spray coverage from the AirMix R (AMS11002) nozzle was similar to all the XR nozzles except the XR8002 nozzle. The TJ11002 flat-fan nozzle, which had the smallest droplet size among the tested nozzles, had the fourth highest spray coverage on WSPs at 0.50 m below the nozzle. Compared to the TT and TTD nozzles, the TJ nozzles provided better spray coverage with fine sprays (Fig. 2) .
At 0.70 m distance below the nozzle and 0.76 L/min flow rate, the D4-DC23 hollowcone nozzle again provided the highest spray coverage, followed by TP8003 and TJ11002 flat-fan nozzles. At this position and flow rate, the difference in spray coverage between these two nozzles was significant. The XR11003 nozzle had the lowest spray coverage (11.7%), followed by TT11002 (12.1%), AIS110015 (12.4%), and AI110015 (13.4%); however, their differences were not significant.
Since the spray dispersed after being discharged from nozzles and the spray density decreased as distance from the nozzle increased, the coverage area from each nozzle at 0.50 m position was generally significantly higher than that at 0.70 m position (p < 0.05). This effect of distance from the discharge point to the target should be considered when treatments for certain pests at a specific depth within canopies are required. When the flow rate increased from 0.76 to 2.27 L/min, the spray coverage on WSPs also increased at both 0.50 and 0.70 m heights for all nozzles . With the flow rate of 1.14 L/min, the XR8003 flat-fan and D5-DC25 hollow-cone nozzles had the highest spray coverage at 0.50 m distance below the nozzles among all nozzles tested. The spray coverage of XR11005 at the lower pressure, AIS11002, TTD11002, TT11003, and TJ11003 nozzles were not significantly different but were significantly lower than that from other nozzles (Table 7) . At 0.70 m below the nozzle, the hollow-cone nozzle D5-DC25 had the highest spray coverage (52.6%) while the TTD11002 had the lowest spray coverage (12.9%).
At the 2.27 L/min flow rate, spray coverage varied with the nozzle type (Table 8 ). At 0.50 m distance below the nozzle for this flow rate, spray coverages among the nozzles AMS11005, TT11005, AM11005, TP8006, and D6-DC45 were not significantly different but had significantly higher spray coverage than other nozzles. At 0.70 m a ASABE Standard S-572 for droplet size measured with the particle/droplet image analysis system (VisiSizer and PIV, Oxford Lasers Inc., Didcot, UK). C -coarse, M -medium, F -fine, and VF -very fine. b Values greater than 30% might not be accurate. c Values in a column followed by the same letter are not significantly different at the 0.05 level.
distance below the nozzle, the TT11005 nozzle provided the highest spray coverage (84.6%) and AIS11004 provided the lowest coverage (38.5%). No significant differences in spray coverage were determined between most air induction nozzles and the same nozzles with their two air intake holes sealed for the three flow rates and the same position (Tables 6-8 ). For example, there were no significant differences in spray coverage from AM11002 and AMS11002 nozzles and for the AI110015 and AIS110015 nozzles either at 0.50 or 0.70 m position. However, the spray coverages for the 2.27 L/min flow rate at the 0.70 m position for the AM11005 and AMS11005 were significantly different. This discrepancy may be due to the inaccuracy of droplet detection by the software when there were excessive spray deposits on the WSPs. At the same flow rate and location, no significant differences were found for spray coverage between the air induction nozzle and the flat-fan nozzles operated at lower than the specified pressure (Tables 6-8 ). For example, this evidence could be found from the data from nozzles XR11003 at 121 kPa and AIS110015 at 427 kPa (Table 6 ). This result demonstrated that the relatively same spray performance (for example, drift reduction) could be achieved either by using air induction nozzles or by using the conventional nozzles with proper nozzle orifice sizes operated at lower-than-specified pressures.
At the same flow rate and location, hollow-cone and conventional flat-fan (XR) nozzles delivered greater spray coverage than air induction nozzles (both AI and AM) (Fig. 3) . Also, at all three flow rates and the two target locations, the spray coverages on WSPs for some air induction nozzles were significantly lower than other nozzles. For example, at 0.5 m target position, the difference for the percent spray coverage between the air induction nozzle and the highest percent coverage nozzle (D4-DC23) was 23.2 at 0.76 L/min flow rate (Table 6) , 40.2 at 1.14 L/min (Table 7) , and 48.3 at 2.27 L/min (Table 8) , respectively.
When the XR8004, TP8004, and XR11005 nozzles were tested at lower than their specified pressure to deliver a flow rate of 1.14 L/min, they achieved lower coverage than the same type of nozzles (e.g. XR8003, TP8003) with smaller orifices that were tested at their specified pressure (Table 7 , Fig. 4 ). This was a consequence of an increased droplet size when the pressure was reduced and resulted in fewer droplets per unit spray volume.
In contrast, for the conventional flat-fan nozzles tested at both the specified pressure and lower-than-specified pressure, the 80 • spray angle nozzle (e.g. XR8004) had generally higher spray coverage than the 110 • angle nozzles (e.g. XR11005) (Fig. 4) . This was because the 110 • angle flat-fan nozzles produced a wider spray pattern than 80 • nozzles, resulting in fewer droplets in the middle of the spray pattern. The TP8003 (at lower pressure) and TP8002 nozzles at 0.76 L/min flow rate provided better spray coverage than all the nozzles with 110 • spray angles at 1.14 L/min flow rate. Hence, in the field applications when multiple nozzles are used, the spacing of 110 • nozzles on the boom should be properly designed to achieve adequate coverage by overlapping spray patterns discharged from two perhaps three nozzles, depending on the target height and canopy structure. The results also illustrated that it was possible to provide equal spray coverage at lower application rates. For example, the XR8003 flat-fan nozzle at 1.14 L/min flow rate provided spray coverage similar to coverage from other nozzles such as XR11006, AI11004, AIS11004, TJ11006, and TTD11003 at 2.27 L/min flow rate.
Larger droplet sizes and higher deposit densities tend to cause greater spray coverage, but they alone are not correlated with the greater spray coverage. For example, the spray coverage for nozzles with 0.76 L/min flow rate located at 0.50 and 0.70 m below the nozzle increased linearly as the D V 0.5 (Fig. 5 ) and deposit density (Fig. 6 ) increased. However, the coefficients of variation (r 2 ) were very low: only 0.29 and 0.37 for D V 0.5 , and 0.16 and 0.22 for deposit density, for the 0.50 and 0.70 m locations, respectively. Hence, for a given flow rate, larger droplets and higher deposit density produced higher spray coverage. On the other hand, for a given amount of spray deposits on the target, smaller droplets and a higher deposit density produced more uniform spray coverage.
Spray coverage is an important indicator of effective spray performance. With the same operating conditions and the same spray volume applied, nozzles producing greater spray coverage provide higher probabilities to deposit droplets on target areas. For example, the volume of a 400 µm diameter droplet is equal to the volume of eight droplets of 200 µm. The eight droplets have a greater coverage area and thus a higher probability to hit a target than one droplet. On the other hand, under field conditions, spray coverage is influenced by many uncontrollable variables such as wind conditions, crop structures, and boom suspensions. In many cases, these variables affect the quality of spray coverage more than nozzle types. Nozzles producing smaller droplets have higher spray coverage, but they also prone to have higher drift potentials under wind conditions.
Spray application is a complicated undertaking and the many types of nozzles in use have unnecessarily confused applicators. Guidelines are lacking for applicators to select the optimal nozzles for the control of specific pests because of inadequate factual information on the performance of these nozzles in terms of spray coverage, spray deposit density, and drift reduction potential. Limited field studies have been conducted to provide the applicators this type of performance evaluation; unfortunately, results from these studies often produced conflicting conclusions. Under field conditions, spray coverage and deposit density are influenced by many uncontrollable variables such as wind conditions, ambient temperature, crop structures, nozzle height, and boom stability. In many cases, these variables affect the quality of spray coverage and drift potentials more than nozzle types. This study demonstrated that the numerous types of nozzles and costs could be reduced and still achieve the comparable spray coverage and droplet size. AI nozzles, for example, used higher pressures and larger orifices than conventional nozzles and cost nearly twice as much but their spray performances are not better than conventional nozzles of selective orifice sizes operated at proper pressures. Thus, simplification of nozzle selections would guide applicators to achieve efficient, effective, and economical spray applications for pest control.
CONCLUSIONS
Under the controlled environmental conditions, spray coverage and deposit density on artificial targets (WSPs) without any canopy interference varied greatly with the nozzle type and target position. At the same flow rate, nozzles producing fine and very fine droplets provided the highest deposit density on WSPs, followed by nozzles producing medium size droplets and then coarse droplet size nozzles. Spray coverage at 0.50 m distance below the nozzle was significantly higher than that at 0.70 m below the nozzle. Flat-fan nozzles with the 80 • spray angle provided greater spray coverage than nozzles with the 110 • spray angle. Hollow-cone nozzles had greater spray coverage than the other types of nozzles tested.
Conventional flat-fan nozzles provided significantly greater spray coverage than air induction nozzles. Additionally, with the same flow rate and orifice size, conventional flat-fan nozzles at lower pressure provided similar spray coverage to the air induction nozzles because their droplet sizes were similar. Therefore, it was possible to obtain similar spray coverage by using conventional nozzles at lower pressure instead of using AI nozzles while they produced equal droplet size distributions. Also, due to large droplet sizes, the turbo jet and twin-jet nozzles had similar or lower spray coverage than conventional flat-fan nozzles.
This study avoided many uncontrollable variables in field studies, and tested comparable spray quality characteristics of spray nozzles under controlled conditions. It might not exactly apply to spray performances under varied field conditions. However, information obtained from this study demonstrated effects of nozzle selections alone on the spray performance and could be used as a baseline to select the most appropriate type of nozzles for pest control along with the suggestions of spray deposition requirements on pesticide labels. This baseline could also be used as data starting point to test and compare nozzles under field conditions with crops.
